The human lung T cell compartment contains many CD8 + T cells specific for respiratory viruses, suggesting that the lung is protected from recurring respiratory infections by a resident T cell pool. The entry site for respiratory viruses is the epithelium, in which a subset of lung CD8 + T cells expressing CD103 (αE integrin) resides. Here, we determined the specificity and function of CD103 + CD8 + T cells in protecting human lung against viral infection. Mononuclear cells were isolated from human blood and lung resection samples. Variable numbers of CD103 + CD8 + T cells were retrieved from the lung tissue. Interestingly, expression of CD103 was seen only in lung CD8 + T cells specific for influenza but not in those specific for EBV or CMV. CD103 + and influenza-reactive cells preferentially expressed NKG2A, an inhibitor of CD8 + T cell cytotoxic function. In contrast to CD103 -CD8 + T cells, most CD103 + CD8 + cells did not contain perforin or granzyme B. However, they could quickly upregulate these cytotoxic mediators when exposed to a type I IFN milieu or via contact with their specific antigen. This mechanism may provide a rapid and efficient response to influenza infection, without inducing cytotoxic damage to the delicate epithelial barrier.
Introduction
The lung parenchyma is only separated from the outside world by the 1-cell-layer thick epithelial barrier, which makes the lung a preferential entrance site for viruses. Respiratory viral infections are not only highly prevalent, they also form the main cause of virus-induced mortality in the Western world. The defence against viral infections is orchestrated by a cooperation of innate and adaptive immunity. One of the key components of the adaptive defence against viruses is the CD8 + T cell compartment. CD8 + T cells are abundantly present in both the airways and the lung parenchyma (1) . They may kill virus-infected epithelial cells via the perforin/ granzyme B pathway (cytotoxicity) or inhibit viral replication via secretion of IFN-γ (2-4). In mice it has been shown that the presence of local respiratory virus-specific memory T cells accelerates viral clearance and ameliorates survival upon secondary challenge with the same or related viruses (5) (6) (7) . This is especially important for viruses like the influenza virus that can circumvent antibody-mediated immunity by mutation. Memory CD8 + T cells are mostly specific for highly conserved internal virus proteins and are therefore able to mount fast and efficient recall responses against a broad range of virus strains (8, 9) . Previous research has shown that the human lung also contains pools of CD8 + T cells specific for respiratory viruses (10) .
Human lung CD8 + T cells differ phenotypically from peripheral blood CD8 + T cells (10) . Moreover, the local intraepithelial T cell pool (intraepithelial lymphocytes [IELs] ) in the human lung is markedly different from subepithelial lamina propria T cells.
Intraepithelial CD8 + T cells express αEβ7 integrin, which binds to epithelial cadherin (E-cadherin), expressed by the epithelial cells (11) (12) (13) (14) (15) (16) . This interaction retains the IELs in the vicinity of the epithelium (17) (18) (19) . However, it is currently unknown whether the specificities and functions of lung CD8 + T cells differ between distinct anatomical locations, i.e., epithelium versus parenchyma. Due to practical and ethical limitations, most lung-related immunological research in humans is carried out on peripheral blood cells or on cells derived from the airway compartment (bronchoalveolar lavage fluid or sputum). In the present study, we analyzed human lung tissue-derived T cells by isolating them from fresh lung resection material. Our aim was to determine the specificity and function of CD103 + CD8 + T cells. Our data suggest that the lung is equipped with a local virus-specific epithelial CD8 + T cell subset that might protect the lung against recurring influenza virus infection.
Results

Human lung CD8 + T cells expressing αE integrin are IELs.
We collected paired peripheral blood and lung samples to be able to directly compare the expression of αE integrin (CD103) on lung CD8 + T cells with its expression on peripheral blood CD8 + T cells. We found a large and highly significant difference in CD103 expression on total CD3 + CD8 + T cells between blood (mean of 1.9%) and lung (mean of 35%) ( Figure 1, A and B) .
Immunohistochemistry confirmed that most lung CD103 + CD3 + CD8 + T cells were indeed located intraepithelially above the basement membrane of the small airways ( Figure 1C) , as was previously published (13) (14) (15) (16) .
In humans, the majority of IELs in the intestine is CD8αβ + , and only a minority is CD8γδ + (18) . To quantify the contribution of γδ T cells to the CD103 + lung intraepithelial T cell pool, we analyzed the expression of TCR-γδ on lung CD8 + T cells in a subgroup of patients. As shown in Supplemental Figure 1 , around half of the γδ T cells expressed CD103, but overall, γδ T cells formed only a minor proportion (<5%) of both the CD103 + and CD103 -CD8 + T cell fractions. Thus CD103 + CD8 + T cells are mainly intraepithelial CD8αβ + T lymphocytes and comprise around one-third of the total human lung CD8 + T cell population.
Influenza-specific but not CMV-or EBV-specific CD8 + T cells in the human lung have an intraepithelial phenotype. CD103 + CD8 + T cells are located mainly inside the epithelium, which is the entrance site for respiratory viruses. Therefore, we tested whether these T cells could play a role specifically in the defence against respiratory viruses. Virus-specific cells were identified by HLA-peptide tetrameric complexes and enumerated by flow cytometry. The tetramers were loaded with peptides specific for the respiratory influenza virus (FLU) or the nonrespiratory EBV or CMV.
Strikingly, a considerable proportion of the FLU-specific lung CD8 + T cells did express CD103, in marked contrast to CMV-and EBV-specific lung CD8 + T cells, which lacked expression of the integrin (Figure 2 , B and C, and Supplemental Figure 2A ; supplemental material available online with this article; doi:10.1172/ JCI44675DS1). There was no difference in tetramer staining MFI between CD103 + and CD103 -CD8 + T cells (data not shown). In addition, many FLUspecific cells in the lung expressed VLA-1 (α 1 β 1 integrin) (Figure 2 , B and C), which in mice has been shown to be responsible for retaining influenza-specific memory CD8 + T cells in the lung by binding to the type IV collagen-rich basement membrane (20) (21) (22) . Although VLA-1 is expressed mainly by CD103 + CD8 + lung T cells (15) (Supplemental Figure 3) , both CD103 + and CD103 -FLU-specific lung T cells expressed VLA-1. Thereby, the vast majority of FLU-specific T cells (mean of 87%) expressed at least 1 of these 2 integrins (Supplemental Figure  2B ), whereas this was only the case for the minority of EBV-and CMV-specific T cells. Interestingly, a fraction of the FLU-specific T cells in the human lung expressed NKG2A ( Figure 2 , B and C), which is an inhibitory NK cell receptor that modulates CD8 + T cell effector function and that is known to be highly expressed by intraepithelial T cells in the intestine (23) (24) (25) (26) (27) (28) . CMV-and EBV-specific CD8 + T cells in the lung expressed only little VLA-1 and were NKG2A negative. These results indicate that lung CD8 + T cells specific for influenza virus are equipped with cell surface molecules that enable them to reside at the epithelial entrance site of this respiratory virus. This is in contrast with cells specific for the nonrespiratory viruses CMV and EBV, which strongly suggests that these cells are not located in the epithelium but are either residing deeper inside the lung parenchyma or are just passersby. Virus-specific T cells in the peripheral blood were CD103 negative, whether they were specific for FLU, EBV, or CMV ( Figure 2C and Supplemental Figure 2 ). FLU-specific cells, but not EBV-and CMV-specific cells, in the periphery expressed NKG2A and VLA-1, albeit at lower levels than those expressed in the lung ( Figure  2C and Supplemental Figure 2A) .
CD103 + CD8 + T cells have an effector or memory phenotype and produce high amounts of IFN-γ and other Th1 cytokines.
To correlate the possible cellular localization with CD8 + T cell phenotype and function, we first assessed the differentiation stage of the CD103 + CD8 + T cells in the lung by performing FACS stainings for CD27 and CD45R0 (29) . CD103 + and CD103 -CD8 + T cells had either a memory (CD27 + CD45R0 + ) or an effector (CD27 -CD45R0 ± ) phenotype ( Figure 3A) . A remarkable difference though is the absence of CD45R0 -cells (naive cells and CD45R0 -effector-type cells) within the CD103 + subset ( Figure 3B ).
As lung CD8 + T cells are effector or memory cells, we examined their cytokine production by stimulating total lung mononuclear cells (LMCs) with phorbol 12-myristate 13-acetate (PMA) and ionomycin. This type of stimulation did not lead to upregulation of CD103 on CD8 + T cells (data not shown). The majority of lung CD8 + T cells produced IFN-γ, and a substantial portion of these cells also produced TNF-α and IL-2 ( Figure 4A and Supplemental Figure 4) . Interestingly, the percentages of cells producing IFN-γ or IL-2 were significantly higher in the CD103 + CD8 + T cell subset than in the CD103 -CD8 + T cell subset ( Figure 4A ). IL-17, IL-4, IL-10, and IL-22 were only produced by a very small number of cells (Figure 4A and Supplemental Figure 4 ). IL-22 was produced by a significantly greater fraction of CD103 + CD8 + T cells, and IL-4 was produced by a larger fraction of CD103 -CD8 + T cells. Peripheral blood CD8 + T cells just contained a very small population of CD103 + cytokine-producing CD8 + T cells (Supplemental Figure 5 , A and C). Of the 3 main cytokines produced, only IL-2 was produced by more CD103 + than CD103 -CD8 + peripheral blood T cells (Supplemental Figure 5B) .
Second, purified lung CD103 + and CD103 -CD8 + T cells were stimulated with PMA and ionomycin, and cytokine secretion was measured in the culture supernatants. Overall, CD103 + and CD103 -CD8 + T cells showed a similar Th1 cytokine production profile, excreting IFN-γ, TNF-α, IL-2, CCL3 (MIP1α), CCL4 (MIP1β), CCL5 (RANTES), and GM-CSF ( Figure 4B , top panels). Moreover, there was a significantly higher production of IFN-γ by
Figure 2
Influenza-specific lung CD8 + T cells have an intraepithelial phenotype, expressing CD103, VLA-1, and NKG2A, whereas cells specific for nonrespiratory viruses lack the expression of these epithelial markers. (A) FACS plots showing tetramer stainings on lung CD3 + cells after gating on live cells. Numbers indicate the percentages of CD3 + cells that are tetramer + . (B) Percentages of influenza-specific, EBV-specific, and CMV-specific lung CD8 + T cells expressing CD103, NKG2A, and VLA-1, as assessed by flow cytometry (n = 5-9 per tetramer). Bars represent the median. (C) Representative FACS plots for phenotype of lung and peripheral blood CD8 + T cells. FACS plots show the expression of CD103, NKG2A, and VLA-1 on total lung CD8 + T cells (left column), on FLU-and EBV-specific lung CD8 + T cells (second and third columns, respectively), on total peripheral blood CD8 + T cells (fourth column), and on FLU-and EBV-specific peripheral blood CD8 + T cells (fifth and sixth columns, respectively). Numbers in first and fourth columns indicate the percentages of CD3 + CD8 + cells that are CD103 + , NKG2A + , or VLA-1 + . Numbers in second, third, fifth, and sixth columns indicate the percentages of tetramer + cells that are CD103 + , NKG2A + , or VLA-1 + . Plots are representative of 5 to 9 patients per tetramer (lung) or 2 to 6 patients per tetramer (peripheral blood). FLU-specific cells could often not be detected in the blood with tetramer staining, although these patients did have FLU + cells in the lung. CD8 + T cells were all identified as CD3 + CD8 + cells within the lymphocyte gate.
the CD103 + cells, corroborating the data from the intracellular cytokine staining ( Figure 4B ). Various Th2 cytokines and IL-17 were hardly detectable, and IL-10 was not produced in relevant amounts by either cell fraction ( Figure 4B , top panels). The latter finding is important, because previous research has shown that peripheral blood CD103 + CD8 + T cells can have regulatory capacity by producing IL-10 (30). Overall, these data imply that both CD103 + and CD103 -CD8 + T cells in the human lung have the ability to attract and activate many types of immune cells by the production of various Th1 type chemokines and cytokines. In addition, CD103 + cells appear to be more potent in producing IFN-γ.
CD103 + CD8 + T cells have low expression of granzyme B and perforin.
One of the main functions of CD8 + T cells is the exertion of cytotoxic activity to eliminate virus-infected cells. A prominent pathway for CD8-mediated cytotoxicity is the perforin/granzyme B axis (3, 4) . After entering the target cell in a perforin-mediated way, granzyme B induces apoptosis of target cells (31, 32) . Whereas CD103 -CD8 + lung T cells expressed vast amounts of both perforin and granzyme B (mean expression 27% and 45%, respectively), their CD103 + counterparts hardly expressed any perforin and had a significantly reduced amount of granzyme B (mean expression 2.5% and 14%, respectively) ( Figure 5 , A and C). This difference was not caused by differences in the proportion of CD27 -effectortype cells in the 2 CD8 + fractions, because these were comparable ( Figure 3B ). Peripheral blood CD103 + CD8 + T cells also expressed less perforin and granzyme B than their CD103 -counterparts (Supplemental Figure 6, A and B) . However, this difference was less pronounced than that for lung CD8 + T cells and might be biased by the presence of recent thymic emigrants in the blood CD103 + CD8 + T cell fraction (33) .
CD103 + CD8 + T cells have high expression of the inhibitory NK cell receptor complex CD94/
NKG2A. CD94/NKG2A is an inhibitory NK cell receptor complex that was first identified on NK cells but is also expressed on the surface of CD8 + T cells. Ligation of CD94/NKG2A with its nonclassical MHC class I ligand HLA-E leads to inhibition of cytotoxic degranulation and TCR-mediated TNF production (24) (25) (26) (27) (28) . CD94/NKG2A has been shown to be highly expressed by IELs in the human intestine (23) . In concordance with these gut-derived data, the expression of CD94 and NKG2A was significantly increased on the lung CD103 + CD8 + T cell fraction compared with that on the lung CD103 -CD8 + T cell fraction ( Figure 5 , A and D). Most lung CD8 + T cells expressed CD94 and NKG2A equally, which is suggestive of dimerization ( Figure 5B , left panel). CD94 can also form a dimer with NKG2C, the activating isoform of NKG2A (34), but only a very small fraction of lung CD8 + T cells expressed NKG2C, and there was no difference in NKG2C expression between CD103 + and CD103 -cells ( Figure 5B , right panel). In peripheral blood, CD103 + CD8 + T cells had a higher CD94 and NKG2A expression than CD103 -CD8 + T cells (Supplemental Figure 6 , A and B). Similar to the expression of granzyme B and perforin, this difference was much smaller than that in the lung. Overall, CD94 + , NKG2A + , perforin -, and granzyme B -CD103 + CD8 + T cells did not constitute a substantial population within the total peripheral blood CD8 + T cell pool (Supplemental Figure 6C) . The high expression of CD94/ NKG2A on CD103 + lung CD8 + T cells implies that these cells can be inhibited in their effector function when ligated to HLA-E. In addition to their low levels of perforin and granzyme B content, this might lead to a further reduction in their cytotoxic capacity.
TCR activation and type I IFNs induce upregulation of effector capacity in CD103 + CD8 + T cells. To test whether the differences in the expression of cytotoxic mediators and inhibitory receptors between CD103 + and CD103 -CD8 + T cells lead to a difference in cytotoxic function, we performed a redirected killing assay. We sorted pure cell populations of lung CD103 + and CD103 -CD8 + T cells and determined cytotoxic T cell activity in an aCD3 mAb-mediated cytotoxicity assay. Surprisingly, CD103 + CD8 + T cells proved to be even more potent in killing Fc-receptor bearing target cells than both CD103 -CD8 + T cells and peripheral blood effector CD8 + T cells (Figure 6 ). This result implied that cytolytic effector molecules can be rapidly upregulated in CD103 + T cells after activation. Indeed, as early as 60 minutes after the start of aCD3 stimulation, intracellular FACS staining showed an upregulation of both perforin and granzyme B (data not shown). Thus, although CD103 + CD8 + lung T cells do not express cytolytic effector molecules in vivo, they have the ability to quickly upregulate these mediators and execute cytolysis in vitro.
To test whether lung CD8 + T cells also upregulate granzyme B and perforin upon encounter with their specific antigen, we stimulated LMCs from donors who were known to react with the FLU-A2 Figure 7A ). This was significantly higher than the 30% and 24% of FLU-specific cells expressing perforin + and granzyme B + , respectively, in the medium control or the 23% and 15% of FLUspecific cells expressing perforin + and granzyme B + , respectively, (percentages are mean expression levels), after stimulation with an irrelevant peptide ( Figure 7A ). Recent research findings by Kohlmeier et al. showed that expression of granzyme B by virus-specific CD8 + T cells in mouse lungs and human peripheral blood could also be induced by antigen-independent stimulation with type I IFNs (35) . To analyze whether, next to that of TCR/CD3 ligation, type I IFN could also induce granzyme B upregulation in human lung CD8 + T cells, we cultured human LMCs in the presence of polyinosinic-polycytidylic acid (poly I:C) (to induce endogenous type I IFN production) or varying concentrations of IFN-α. Strikingly, FLU-specific cells already showed a marked increase in granzyme B expression after 12 hours in any of these conditions ( Figure 7B , left panel; mean increase in the 3 conditions compared with that of medium, control 61% to 154%), and this effect of IFN-α seemed to be dose dependent. Total lung CD8 + T cells also upregulated granzyme B protein expression in a type I IFN milieu, although this increase was less pronounced than that in the FLUspecific cells ( Figure 7B, right panel) . These data show that when influenza-specific lung CD8 + T cells are confronted with their specific antigen or an antigen-independent viral infectious milieu, they have the ability to rapidly upregulate cytotoxic proteins.
Discussion
The respiratory influenza virus-specific CD8 + T cells in the human lung have an "intraepithelial fingerprint," with high CD103, VLA-1, and NKG2A expression, which suggests that these cells are maintained preferentially close to the airway epithelium. This is in sharp contrast with CD8 + T cells in the lung specific for the nonrespiratory viruses CMV and EBV, which lack expression of CD103 and NKG2A, have a low expression of VLA-1, and are therefore more likely located in the parenchyma. We previously published that respiratory virus-specific T cells reside in the human lung, rather than in the peripheral blood (10), but their location within the lung had not been studied. The presence of virus-specific memory cells at the viral entrance site is important, since this can facilitate local antigen presentation, which could enable these virus-specific T cells to directly exert their effector function, without migration to the lymph node being necessary (36) . This way the viral load and epithelial damage can be reduced before the recruitment of memory cells from the circulation and lymphoid tissue has taken place, thereby substantially reducing disease duration and pathology. In addition, immunopathology may be limited, as the initially reduced viral load will lead to a reduced degree of immune activation (37) .
A limitation to our study is the fact that we analyzed the exact location of CD103 + CD8 + lung T cells only in a subgroup of our patients. However, our findings in this group are comparable to data published by Hirosako et al., who have meticulously analyzed CD103 + expression by intraepithelial T cells in human bronchi (third to fifth generation) in a patient group that is demographically very similar to our cohort (14, 16) . They showed that a range of 74% to 94% of intraepithelial CD8 + cells expressed CD103, whereas only 8% to 25% of lamina propria T cells expressed CD103. Although this means that there is not a one-on-one relationship between CD103 expression and intraepithelial location, the expression difference establishes CD103 as the best marker for distinguishing location-associated phenotypical and functional differences by flow cytometry.
A substantial fraction of the lung lymphocytes used in our study was derived from human lung tissue specimens obtained from patients undergoing a lobectomy for an isolated peripheral lung carcinoma. The peripheral lung tissue we used was sampled as far away as possible from the tumor. In these specimens, there were no macroscopic or microscopic abnormalities, and there were no signs of cellular infiltration. Furthermore, we found the same expression patterns of cytokines, CD103, CD94/NKG2A, VLA-1, granzyme B, and perforin on lung CD8 + T cells from the lung transplantation patients and our healthy donor, who were all free of malignancy. Therefore, we consider it highly unlikely that the phenotypical and functional characteristics of lung CD8 + T cells in our study were influenced by the presence of malignancy.
The environment plays an important role in maintaining local immunity. Several murine studies already showed that influenzaspecific lung CD8 + T cells express VLA-1. Binding of VLA-1 to components of the ECM maintained virus-specific cells in nonlymphoid tissue by preventing migration and enhancing survival (20-22, 38, 39) . The high VLA-1 expression that we find on both influenza-specific and intraepithelial CD8 + T cells in the human lung suggests evolutionary conservation of this mechanism and could well play a role in maintaining these cells in the vicinity of the port of entry of airway pathogens. The HLA-peptide tetramer technique we used for the identification of virus-specific CD8 + T cells will give an underestimation of the actual number of FLU-specific cells (40) . Therefore, it is highly likely that influenza infection has a substantial impact on the formation of the epithelial CD8 + T cell pool. A prominent finding of our study is the strong difference in the expression of cytotoxic mediators between CD103 + and CD103 -CD8 + T cells. However, we also found that lung CD8 + T cells have the ability to rapidly upregulate perforin and granzyme B upon antigen-specific contact or in an antigen-independent viral infection (type I IFN) environment. In vitro, CD103 + CD8 + T cells even surpass CD103 -cells in cytotoxic killing capacity. CD103 + T cells have been shown before to be very potent cytotoxic killers in a number of other settings (41) (42) (43) (44) (45) (46) . Additionally, CD103 + CD8 + lung T cells are also strong Th1 cytokine producers. However, as IFN-γ is a potent inhibitor of herpes virus but not influenza virus replication, T cells need their cytotoxic function to adequately combat infection with this respiratory virus (47) . We hypothesize that in the absence of infection CD103 + T cells are inhibited in their cytotoxic effector function by the epithelial environment. Upon viral (re-)infection, specific and aspecific stimuli might quickly overcome this environmental inhibition, which ensures a fast and powerful cytotoxic T cell response.
The fact that FLU-specific cells, but not EBV-and CMV-specific cells, in the peripheral blood expressed NKG2A, albeit at lower levels than in the lung, suggests that not only organ but also virus specificity plays a role in modulating CD8 + T cell phenotype. NKG2A expression on peripheral blood CD8 + T cells does not solely reflect the localization specificity of cells, it also plays a role in regulating effector functions (23) (24) (25) (26) (27) (28) . Influenza is a virus that is usually cleared, whereas CMV and EBV are viruses that persist latently. Influenza-specific CD8 + T cells may upregulate NKG2A to inhibit cytotoxicity and prevent immunopathology after viral clearance, whereas EBV-and CMV-specific cells should maintain their cytotoxic capacity to combat the persisting virus (48) . These data indicate that the phenotype of virus-specific T cells is determined both by organ-specific features and viral characteristics.
Increased knowledge of the lung CD103 + CD8 + T cell compartment could lead to a better understanding of many diseases involv-
Figure 6
CD8 + CD103 + lung T cells have a high cytotoxic activity in vitro. The amount of specific killing of target cells by purified T cell populations at varying effector/target (E/T) ratios is shown. A redirected killing assay was performed by incubating FACS-sorted CD103 + or CD103 -lung CD8 + T cells with chromium-labeled P815 target cells at varying effector/target ratios in the presence or absence of aCD3 mAb. FACS-sorted peripheral blood naive (CD45RA + CD27 bright ) and effector (CD27 -) CD8 + T cells were included in this assay as control. Measurements were performed in triplicate (n = 3 patients). The mean ± SEM of specific killing is shown. ing the respiratory epithelium, like COPD, asthma, airway infections, and bronchial carcinoma. For example, an increase in the activation threshold of epithelial CD8 + T cells could create favorable conditions for carcinogenesis at epithelial sites. Several studies have shown that diminished cytotoxic function and high CD94/NKG2A expression lead to a reduction in the killing of (pre-)malignant cells and therefore increase the risk for carcinogenesis (28, (49) (50) (51) .
Apprehension of the epithelial localization of influenza-specific T cells contributes to the understanding of the first phase of the immune response upon secondary infection. The clinical importance of local respiratory virus-specific memory T cells for accelerated viral clearance and ameliorated survival upon secondary infection has extensively been shown (5-7). Memory CD8 + T cells retain the ability to mount recall responses against influenza strains after mutations (9) . Therefore locally residing virus-specific T cells might be a good focus for the development of new therapies against the frequently mutating influenza viruses such as H1N1.
We showed that lung CD8 + T cells specific for influenza virus express CD103 and VLA-1, which suggests that they are mainly maintained inside the airway epithelium. This specific location would make them a very fast and efficient first line of defence upon reinfection. We also showed that CD103 + CD8 + T cells form a distinct T cell subset, with a low expression of cytotoxic mediators and a high expression of the inhibitory NK cell receptor complex CD94/NKG2A. We suggest that this specific phenotype is created by the epithelial milieu to limit cytotoxicity-induced damage to the epithelial barrier. The ability of these cells to rapidly upregulate perforin and granzyme B upon virus infection rescues their cytotoxic effector function in situations in which lysis of virusinfected epithelial cells operates to limit viral spread.
Methods
Patients. Material from a total of 50 subjects (28 male and 22 female) was collected. The median age of subjects was 63 years (interquartile range, 54.8-72.3 years). Thirty-nine patients underwent a lobectomy for a peripheral primary lung tumor, ten received lung transplantation because of end-stage pulmonological disease, and one tissue specimen was obtained from a healthy lung donor (Table 1) . Patients with a history of asthma or a recent (<4 weeks) lower respiratory tract infection were excluded from the study. Three of the COPD transplantation patients received low-dose (5-10 mg) prednisolone therapy, and the pulmonary fibrosis transplantation patient received high-dose (60 mg) prednisolone treatment. The other patients did not receive systemic corticosteroids or other systemic immunosuppressive therapy at the time of inclusion in the study or in the recent past. None of the patients recently received chemotherapy or radiotherapy. Two subjects were never-smokers; the others were all (ex)smokers, of whom 18 still had smoked in the last 6 months prior to the moment we obtained the blood and lung specimens. The demographics of our cohort are comparable to those of cohorts used for previously published human lung CD8 + T cell studies (52) . Lobectomy patients were recruited from the Academic Medical Centre and the Tergooi Hospitals. Lung transplantation patients were recruited from the University Medical Centre Groningen. All patients gave written informed consent prior to inclusion in the study, and the study was approved by the Ethical Review Board (ERB) of the Academic Medical Centre and the local ERBs of the other participating centres.
Isolation of mononuclear cells from peripheral blood and lung tissue. Heparinized peripheral blood samples were obtained prior to or during the surgical procedure. PBMCs were isolated using standard density gradient techniques. Directly after lobectomy, a piece of peripheral lung tissue, as far away from the tumor as possible, was cut off by a pathologist. LMCs were isolated from this tissue specimen, as described by Holt et al. (53) . In brief, tissue specimens (1 × 1 cm) were sliced with a McIlwain tissue chopper into 1-mm pieces and incubated for 20 minutes in RPMI with 20 mM HEPES, 15% FCS, 50 U/ml DNAse type I (Sigma-Aldrich) while shaking at 37°C. Tissue pieces were carefully dried with sterile gauzes and transferred to medium supplemented with collagenase type I 300 U/ml (Worthington). The material was incubated in this medium for 60 minutes while shaking at 37°C. A cell suspension was obtained by grinding the tissue through a flow-through chamber. Mononuclear cells were isolated from the lung cell suspension by standard density gradient techniques. To exclude the possibility of contamination with peripheral blood, the erythrocyte counts were confirmed to be less than 5% of erythrocyte counts in the paired blood sample. Standard extra-and intracellular stainings were performed on freshly isolated LMCs, while tetramer stainings and stimulation experiments were performed on cells that were cryopreserved in liquid nitrogen for later analysis.
Immunohistochemistry. Small sections of the fresh lung material were embedded in TissueTek for optimal preservation of the original tissue structure and were subsequently snap frozen by short exposition to liquid nitrogen. Five-μm cryostat lung tissue sections were acetone-fixed and air dried. The sequential triple immunohistological staining started with aCD8 (rabbit IgG, clone SP16, Thermo Fischer Scientific) and aCD103 (mouse IgG1, clone Ber-ACT8, Dako), followed by anti-rabbit IgG/alkaline phosphatase-labeled (AP-labeled) polymer and anti-mouse IgG/HRPlabeled polymer (both from ImmunoLogic). AP activity was demonstrated with Vector Red (Vector Laboratories), and HRP activity was demonstrated by brown staining with Bright DAB (ImmunoLogic). The slides were shortly fixed with neutral buffered formalin and subjected to a heat-induced antigen retrieval procedure in citrate pH 6.0. This heat step removes and inactivates immunoreagents used in the first staining sequence, preventing unwanted cross-reactivity with the second immunohistochemistry staining sequence. Next, the slides were incubated with aCD3 monoclonal antibody (rabbit IgG, clone SP7, Thermo Fisher Scientific), followed by anti-rabbit IgG/AP-labeled polymer (ImmunoLogic). AP activity was demonstrated with Vector Blue (Vector Laboratories). Slides were fully dried with a hot plate and coverslipped with VectaMount (Vector Laboratories). 
